Two-phase flow through heated parallel channels is commonly encountered in thermal systems used for power generation, air conditioning, and electronics cooling. Flow boiling is susceptible to instabilities that can lead to maldistribution between the channels and thereby heat transfer performance reductions. In this study, the Ledinegg instability that occurs during flow boiling in two thermally isolated parallel microchannels is studied experimentally. A dielectric liquid (HFE-7100) is delivered to the parallel channels using a constant pressure source. Both channels are uniformly subjected to the same power, which is in increased in steps. Flow visualization is conducted simultaneously with pressure drop, mass flux, and wall temperature measurements to characterize the thermal-fluidic effects of the Ledinegg instability. When the flow in both channels is in the single-phase regime, they have equal wall temperatures due to evenly distributed mass flux delivered to each channel. Boiling incipience in one of the channels triggers the Ledinegg instability which induces a temperature difference between the two channels due to flow maldistribution. The temperature difference between the two channels  Corresponding author E-mail addresses: kingston@purdue.edu (T.A. Kingston), jaweibel@purdue.edu (J.A. Weibel), sureshg@purdue.edu (S.V. Garimella) 2 grows with increasing power until boiling incipience occurs in the second channel. The wall temperatures of both channels then reduce significantly as the flow becomes more evenly distributed. The experimentally observed temperature excursion between the channels is reported here for the first time and provides an improved understanding of the thermal performance implications of the Ledinegg instability in thermally isolated parallel channels.
Introduction
Two-phase heat sinks and evaporators used for electronics cooling and air conditioning feature many parallel channels to distribute coolant over large surface areas. Instabilities can occur during flow boiling that lead to reduced performance and, in the case of two-phase heat sinks for thermal management applications, a lower critical heat flux limit than expected from theoretical dryout [1] . Flow boiling instabilities are classified as either dynamic or static instabilities [2] [3] [4] [5] . Flow is subjected to a dynamic instability when there is sufficient interaction between the inertia of the flow and the compressibility of the system, leading to delayed feedback. Flow is subjected to a static instability if, when disturbed, it tends asymptotically toward new operating conditions that differ from the initial conditions.
One type of static instability that has received attention over several decades is the flow excursion or Ledinegg instability [6] . This instability is characterized by a sudden reduction in flow rate and arises in flow boiling systems because of the non-monotonic nature of the channel demand curve (i.e., channel pressure drop as a function of flow rate). For a single channel, the Ledinegg instability occurs when the slope of the channel demand curve becomes smaller than the slope of the supply pressure drop versus flow rate curve [2, 7] . In parallel channel systems, the Ledinegg instability results in undesirable flow maldistribution between the individual channels. Inlet restrictors have been used to mitigate the effects of flow instabilities in heated parallel channels by reducing the negative slope region of the channel demand curve [8] [9] [10] [11] [12] .
However, doing so increases the flow resistance of the channels and the pumping power needed to sustain the flow. Akagawa et al. [7] experimentally investigated the Ledinegg instability in single and multiple channels. They experimentally obtained channel demand curves for individual channels undergoing flow boiling and then measured the flow rate distribution in parallel channel configurations (up to three parallel channels). It was shown that the flow rate distribution could be estimated from the individual channel demand curves. A stability criterion was developed for systems having any number of parallel channels by linearizing the governing momentum and continuity equations and performing a Laplace transformation; this stability criterion was used to explain their experimental observations. Van Oevelen et al. [13] modified the approach developed in Ref. [7] to enable prediction of the flow distribution in a large number of identical parallel channels. Systems with up to 200 parallel channels were studied and it was shown that the system stability for a constant total flow rate supply curve converges asymptotically to the stability behavior for a constant pressure drop as the number of channels increases. This methodology was also used to perform a parametric study of the effects of inlet temperature, heat flux, and flow rate on the flow distribution.
While the hydrodynamic implications are well-reported [6, 7, 10, [13] [14] [15] [16] [17] [18] [19] , less is known about the implications of flow maldistribution caused by the Ledinegg instability on thermal performance. Several previous studies have focused on the effect of thermal coupling between parallel channels on the mitigation of flow maldistribution resulting from the Ledinegg instability. Flynn et al. [20, 21] experimentally investigated two parallel microchannels that were either thermally isolated or coupled. Channels were etched into silicon and separated by either an air gap to thermally isolate the channels, or silicon to thermally couple the channels.
The heat flux into each channel was independently varied for each configuration. In the thermally isolated configuration, uniform heating of the channels resulted in either single-phase flow or two-phase flow through both channels, depending on the level of heat input, and a minimal channel-to-channel temperature difference. Under severe non-uniform heating, boiling was induced in the channel with higher heating while flow through the other channel remained in the single-phase regime, resulting in a channel-to-channel temperature difference. In the thermally coupled configuration, fluid flow through both the channels was either in the singlephase regime or underwent boiling, even at high levels of non-uniform heating. The temperature difference between the channels was relatively small due to redistribution of heat through the conductive substrate. The effect of thermal coupling between parallel channels on the flow distribution was theoretically investigated by Van Oevelen et al. [22] by additionally accounting for heat conduction in their previous model [13] . By quantifying the flow maldistribution in parallel-channel systems having varying strengths of inter-channel thermal coupling, it was
shown that increasing thermal coupling damped the severity of the flow maldistribution. In addition, a heat flux threshold was identified below which flow maldistribution is entirely suppressed; this heat flux threshold increases as the thermal coupling increases and eventually plateaus to a constant value at very strong thermal coupling.
Notwithstanding the advantages offered by thermal coupling for reducing the flow maldistribution and channel-to-channel temperature difference, many applications utilizing flow boiling feature thermally isolated flow paths. For example, thermally isolated parallel channels are used in the renewable energy industry for direct steam generation using solar heating [23] .
Additionally, multiple liquid cold plates are often arranged in a parallel configuration in the electronics cooling industry for heat rejection [24] . If two-phase operation is adopted, flow maldistribution between these thermally isolated heat sinks may be exacerbated due to the Ledinegg instability. Thus, an improved understanding of the thermal implications of the Ledinegg instability in thermally isolated parallel channels is needed.
In this study, the hydrodynamic and heat transfer characteristics of two thermally isolated parallel microchannels are studied experimentally. An experimental test facility is used to simultaneously obtain flow visualizations and pressure drop, mass flux, and wall temperature measurements. These measurements are used to study the Ledinegg instability and experimentally demonstrate a growing temperature difference between two parallel channels with increasing power -a temperature excursion -induced by this instability.
Experimental Methods

Test Facility
The custom-built experimental facility, schematically illustrated in Figure 1 , is adapted from our previous studies of flow boiling instabilities in a single microchannel [25, 26] , and uses a pressurized reservoir to deliver degassed, dielectric HFE-7100 liquid (Novec Engineered Fluid, 3M) to two parallel microchannels. The pressure difference between the reservoir and the ambient is used to generate an open-loop flow. The rigid stainless steel reservoir is pressurized by boiling fluid using a submerged cartridge heater (G6A-15568, Watlow). Electrical power is supplied to the cartridge heater using an adjustable direct current power supply (XG 850W 150-5.6, Sorensen). A constant reservoir pressure is set and maintained by adjusting the amount of power delivered to the cartridge heater. upstream and downstream of the channels, respectively, using thermocouples (TMTSS-020E-6, Omega Engineering; ±0.5 °C). The pressures at the inlet and outlet of the microchannels are measured using separate pressure transducers (PX309-030G5V and PX309-015G5V, respectively, Omega Engineering; ±1%), and yield the pressure drop across the microchannels.
The thermocouples and pressure transducers, in addition to the fluid inlet and outlet connections, are mounted to polyetheretherketone (PEEK) connectors (ZX2LPK, Valco Instruments) which serve as inlet and outlet plenums, as shown in Figure 1 ; two microchannels are horizontally mounted side-by-side in parallel between these connectors.
The two identical parallel channels are circular cross-section microchannels made of borosilicate glass (CV5070, VitroCom) with an inside diameter of D = 500 μm and a wall thickness of 100 μm. The outside surface of the channels is custom-coated with an approximately 100 nm-thick layer of indium tin oxide (ITO) using atomic layer deposition (Veeco -CNT). The ITO layer is optically transparent and electrically conductive, enabling visualization of the two-phase flow while subjected to Joule heating. Power is supplied to each channel's ITO coating separately using two adjustable direct current power supplies (XG 850W 300V-2.8A, Sorensen). The ITO layers are electrically isolated from the flow loop using nonconductive polytetrafluoroethylene (PTFE) ferrules and PEEK nuts for attachment of the channels to the PEEK connectors. Any vapor leaving the channels condenses before discharging as liquid to an open reservoir at ambient pressure.
As described in Ref. [25] , pressure, mass flux, and fluid temperature measurements are obtained using a data acquisition (DAQ) unit (USB-6259, National Instruments). The power to each channel is measured using a separate, high-voltage DAQ (34970A, Agilent). The total power (which includes power loss to the ambient) applied to each channel is quantified by measuring the voltage drop across and current through each of the ITO-coated channels; current measurements are obtained using two identical shunt resistors (6142-1-1000, Empro Shunts).
The entire experimental facility is mounted on a damped optical table (VIS3672-PG2 The entire heated region of the microchannels is visualized from the top using a highspeed camera (VEO710L, Phantom) coupled to a macro lens (AF Micro-Nikkor, Nikon) using an image resolution of 1280 × 120. The bottom side of the channels is uniformly backlit using a high-intensity light-emitting diode (LED) strip with an integrated light diffuser (BL168, Advanced Illumination).
Test Procedure
As described in Ref. [25] , immediately prior to testing, the HFE-7100 fluid was degassed by vigorously boiling the liquid in the reservoir using the submerged cartridge heater. Noncondensable gases are expelled, while the HFE-7100 vapor is condensed back into the reservoir (Figure 1 ). While degassing, the HFE-7100 was also circulated through an auxiliary pumped filtration loop containing a 2 μm particulate filter (SS-4TF-2, Swagelok) and an activated-carbon filter (12011 Pall Corporation) to remove any contaminants. After degassing and filtering, the pumps in these auxiliary loops were turned off. After establishing the desired flow conditions, power was applied to the ITO-coatings of the channels in increments, allowing for steady-state conditions to be achieved at each set point.
Optical images and sensor data were then acquired at steady state for 12 s.
Data Reduction
The voltages output from the pyrometers are converted to a temperature via a calibration to a target surface featuring the same black paint as used on the microchannels. At a power of P = 2.6 W, boiling is observed in channel 1 while channel 2 remains in the single-phase regime. After boiling incipience in channel 1, its wall temperature increases steeply with increasing power, from Twall,1 = 124 °C at P = 2.6 W to Twall,1 = 219 °C at P = 3.2 W (region II). In contrast, boiling incipience in channel 1 causes an initial reduction in the wall temperature of channel 2 (from Twall,2 = 120 °C at P = 2.4 W to Twall,2 = 113 °C at P = 2.6 W), followed by a linear increase with power (to Twall,2 = 129 °C at P = 3.2 W); this behavior reflects an initial increase in mass flux going to channel 2 followed by single-phase operation. The range of power that causes boiling in channel 1 and single-phase flow in channel 2 is indicated as region II (gray box) in Figure 2 . Once boiling in channel 1 occurs (at P = 2.6 W), the Ledinegg instability is triggered and causes flow maldistribution between the two channels (i.e., a larger mass flux through channel 2 than channel 1) and a hydrodynamic excursion with increasing power, which induces a temperature excursion. While it has been shown in the literature that the Ledinegg instability can cause a temperature difference between two thermally isolated channels [21] , to the authors' knowledge, the growing difference in the wall temperature of the channels with increasing power (i.e., temperature excursion between the channels) has not been previously observed in experiments.
The heat flux into channel 1 decreases slightly with increasing power throughout region II (Figure 2b ) because the convective thermal resistance on the inside surface of the channel increases due to the worsening flow maldistribution. Meanwhile, the heat flux into channel 2 increases linearly with increasing power throughout region II. The increase in thermal resistance for channel 1 throughout region II is reflected by the decrease in the heat transfer coefficient with increasing power (Figure 2c) . A slight increase in the heat transfer coefficient for channel 2 is observed in region II relative to region I due to the increased mass flux, which causes an increase in the length of the channel experiencing thermally developing laminar flow. It is important to note that the thermal isolation between the two channels, which restricts heat exchange from channel 1 to channel 2, prevents the equalization of heat flux in the two channels.
At P = 3.4 W, the wall temperature of channel 2 becomes large enough to cause boiling incipience in channel 2 and a significant reduction is observed in the wall temperature of both channels to Twall = 85 °C. The flow resistances of the two channels become approximately equal again once both experience boiling, which reduces the flow maldistribution between the two channels and suppresses the temperature excursion induced by the Ledinegg instability. When both channels experience boiling (region III), the heat fluxes to each channel are again equal at each power level (Figure 2b ). The steep reduction in wall temperatures upon boiling incipience in channel 2 is reflected in the large increase seen in the heat transfer coefficients (Figure 2c ).
The wall temperatures and heat transfer coefficients are relatively constant throughout region III until P = 5.8 W when the wall temperature of channel 1 begins to increase with power, likely due to intermittent dryout.
The flow in both microchannels was visualized at each power level. The flow visualizations captured at each power level, and those selected in Figure 3 , enable the two-phase morphology to be identified and support the trends shown in Figure 2 . That is, three different regions exist depending on the operating conditions, where (I) both channels are in the single-phase flow regime, (II) boiling is observed in channel 1 and single-phase flow is observed in channel 2, or (III) both channels are boiling. While the two parallel microchannels are thermally isolated, they are hydrodynamically coupled through the same inlet and outlet plenums, resulting in a common pressure drop.
However, because of the non-monotonic nature of the channel demand curve, the mass flux through the channels can differ significantly, even with the same pressure drop. While the mass flux through each individual channel cannot be measured, an average mass flux is measured using the upstream flow meter, thus providing an indication of the overall flow resistance of the two parallel channels. Figure 4 shows the (a) pressure drop and (b) average mass flux of the two channels as a function of total power. At low power levels (P = 0 -2.4 W) when both channels are in the single-phase flow regime (region I), the pressure drop remains fairly constant at 2 kPa and the average mass flux through both channels is 400 kg/m 2 s. Once boiling occurs in channel 1 at P = 2.6 W, the flow resistance increases and the pressure drop increases to approximately 3.5 kPa within region II. The additional flow resistance caused by boiling in channel 1 does not significantly increase the pressure drop because fluid is rerouted to channel 2, which is still in the single-phase regime. Thus, the average mass flux through the channels only reduces slightly. A minimal increase in pressure drop was also noted by Flynn et al. [21] when boiling occurred in only one of the two parallel channels. At P = 3.4 W, when boiling starts occurring in both channels, the pressure drop increases significantly to 11.7 kPa and the average mass flux reduces to 368 kg/m 2 s. Throughout region III, the pressure drop increases with increasing power due to the increased flow resistance associated with vapor generation within both channels. As a result, the average mass flux also reduces with increasing power. 
Conclusions
In this study, the Ledinegg instability and its influence on the thermal performance of a parallel microchannel system are experimentally investigated. HFE-7100 liquid is delivered to two thermally isolated parallel channels using a constant pressure source. Both channels are uniformly subjected to the same power, which is increased in steps. High-speed flow visualization is synchronized with pressure drop, mass flux, and wall temperature measurements.
When the flow in both channels is in the single-phase regime, the mass flux to each channel is approximately equal. At a power level sufficient to cause boiling incipience in one of the channels, the flow resistance in that channel increases and triggers the Ledinegg instability which causes severe flow maldistribution. With increasing power to the channels, the Ledinegg instability triggers a temperature excursion, causing the wall temperature of the flow-starved channel (experiencing boiling) to increase along with a correspondingly deteriorating heat transfer coefficient. The temperature excursion continues until boiling incipience occurs in the second channel, after which the maldistribution reduces and the wall temperature of both channels reduces significantly. This study illustrates the thermal implications of the Ledinegg instability in thermally isolated parallel channels and provides new understanding of the mechanisms leading to the observed temperature excursion.
